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Recent studies have shown that various neural and embryonic
stem cells cultured in 1–8% oxygen (O2), levels lower than those
typically used in cell culture (20.9%), displayed increased rates
of proliferation; however, the molecular mechanisms underly-
ing these changes are largely undefined. In this study, using rig-
orously controlled O2 levels, we found that neural stem cells
(NSCs) from embryonic day 15 rat cortex increased their rate of
proliferation andmigration in 1%O2 relative to 20%O2without
changes in viability.We sought to identify molecular changes in
NSCs grown in 1%O2 that might account for these increases. In
1% O2, levels of the hypoxia-inducible transcription factor
HIF-1�were transiently increased. Reduced adherence of NSCs
in 1% O2 to basement membrane-coated plates was observed,
and quantitative RT-PCR analysis confirmed that the levels of
mRNA for an assortment of cell adhesion and extracellular
matrix molecules were altered. Most notable was a 5-fold
increase in matrix metalloproteinase (MMP)-9 mRNA. Specific
inhibition of MMP-9 activity, verified using a fluorescent sub-
strate assay, prevented the increase in proliferation and migra-
tion in 1% O2. The canonical Wnt pathway was recently shown
to be activated in stem cells in low O2 via HIF-1�. Inhibition of
Wnt signaling byDKK-1 also prevented the increase in prolifer-
ation, migration, andMMP-9 expression. Thus,MMP-9 is a key
molecular effector, downstream of HIF-1� andWnt activation,
responsible for increased rates of NSC proliferation and migra-
tion in 1% O2.

A frequently overlooked variable for the in vitro expansion of
stem/progenitor cells is the level of O2 in cell culture (1–3). In
fact, the level of O2 (20.9%O2) used for in vitro culture is hyper-
oxic for cells in vivo. The lung alveoli and bloodstream typically
hold �14% (4, 5) and 11.5% (6–8) O2, respectively, and O2
levels in various areas of the brain range from 0.1 to 9% (5, 7,
9–12). Recent studies have shown that the use of lower O2
levels in culture results in increased rates of proliferation of
neural stem/progenitor cells (NSCs)2 from various embryonic
or adult brain regions (12–23), virally immortalized human

NSCs (23), and embryonic stem (ES) cells (3, 24, 25) and that
these O2 levels can also influence the differentiation of NSCs
(9–16).
A large body of work has described hypoxia-inducible

transcription factors as key components of the O2-sensing
machinery that responds to lowered O2 in cells and organ-
isms (5, 10, 26, 27). It has been shown that levels of HIF-1�
protein can vary significantly over physiological ranges of O2

(28). Although HIF-1� is constitutively expressed, when O2

levels are high, the protein is hydroxylated by a family of
prolyl hydroxylase enzymes, catalyzing a modification that
targets HIF-1� for proteasomal degradation. At lower O2

levels, the HIF-1� protein undergoes less hydroxylation, is
stabilized, and can then translocate to the nucleus where it
activates several genes that modulate the cellular response to
decreased O2 levels (29). Identification of downstream tar-
gets of HIF-1� in NSCs cultured in 1%O2 is therefore critical
for understanding the regulation of these cells in vivo
because this level of O2 is physiological in areas of the brain
where NSCs proliferate and migrate (5, 10, 26).
Molecular targets of HIF-1� identified in NSCs (19, 30–34)

include VEGF (31) and erythropoietin (32). HIF-1� stabiliza-
tion by lowered O2 was recently shown to activate Wnt/�-
catenin leading to increased proliferation in cultures of ES cells
and P19 cells (24). In addition, mice lacking HIF-1� had
decreases in Wnt signaling and impaired neurogenesis in vivo
(24). TheWnt pathway has also been shown to be an important
effector of NSC proliferation in vitro (24, 35, 36). These studies
strongly link low O2 to activation of the canonical Wnt signal-
ing pathway and effects on cell proliferation. The downstream
effectors ofWnt signaling have a wide variety of transcriptional
gene targets, including VEGF (37) and MMP-9 (38), but those
molecules that mediate effects on NSC proliferation remain
largely unknown.
In this study, we identified MMP-9 as the molecular effec-

tor of increased NSC proliferation and migration in 1% O2.
The control of MMP-9 expression in 1% O2 was shown to be
downstream of Wnt signaling. In addition, mRNA levels for
several other cell adhesion and extracellular matrix proteins
were stably altered in 1% O2 suggesting changes in the over-
all cellular environment. These findings support the idea
that O2 is a critical variable in NSC proliferation and migra-
tion and that O2 levels in culture should be chosen to more
appropriately mimic the O2 levels in particular cellular
niches in vivo.
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EXPERIMENTAL PROCEDURES

Reagents and Western Blotting—Reagents were purchased
from Invitrogen unless otherwise noted. Special care was taken
to prevent the degradation of HIF-1� in protein extracts. Cells
in 6-well plates were washed in PBS for 5min in the presence of
the proteasome inhibitorMG132 (5�M) to stabilize theHIF-1�
protein after which time RIPA buffer (100 �l) withMG132 was
added. Cells were then scraped off the plate and placed on ice
for 20 min, with vortexing every 5 min. Lysed cells were centri-
fuged at 13,000 � g for 10 min to pellet the cell debris. The
supernatant was transferred to a new tube and immediately
used forWestern blotting. Protein was loaded at 100 �g per gel
lane. HIF-1� (Abcam, Cambridge, MA) primary antibody was
used at 1:500.Western blots were visualized using aQdot kit, in
which biotinylated secondary antibodies (1:2000) are revealed
by binding avidin-conjugated fluorescent (625 nm emission)
Quantum dots. Imaging of the resultant blots was performed
using a UV box (UV Products, Upland, CA) along with Alpha-
EaseFC software (Alpha Innotech/Cell Biosciences, Santa
Clara, CA).
Primary Cell Cultures and O2 Environment—Multipotent

neural stem cells from embryonic day 15Wistar rat cortex were
isolated and cultured as described previously (15). Cells were
grown on poly-L-lysine and laminin-coated surfaces in Neuro-
basal medium containing B27 supplement, penicillin/strepto-
mycin, and 20 ng/ml FGF2 (Sigma) at 37 °C. Cells were
previously characterized as nestin-positive, proliferative, and
multipotent neural progenitors with the potential to differenti-
ate into neurons, astrocytes, and oligodendrocytes after FGF2
removal. Moreover, over a 24-h period 99% of the cells incor-
porated BrdU indicating that the entire cell population is pro-
liferative (15).
Culture vessels were placed into sealed incubators (Billups-

Rothenberg, Del Mar, CA) that were perfused with various
O2/N2/CO2mixtures (O2 � variable as noted, CO2 � 5%, N2 �
balance) twice a day. For cultures grown at various O2 levels, a
Biosensor plate (BD Biosciences) was used to verify the level
of O2 in the culture medium. An O2-sensitive fluorophore
quenched by O2 is embedded in a solid substrate within each
well of a 96-well plate; lowering O2 levels in the medium
increases the fluorescence. Calculations were made as sug-
gested by BD Biosciences Technical Bulletin 443 using 20.9%
ambient O2 as a maximum value.
Cell Proliferation and MTT Assays—Cells were seeded at a

density of 2000 cells/cm2 on 96-well plates in a 200-�l volume.
Cells were grown in 0.1, 1, or 20% O2 for 6 days in vitro). Cell
number was measured on a standard microscope by manual
counting of cells using a grid with an area of 0.25 mm2. The
MTT assay was performed by addition of MTT (Sigma) to a
final concentration of 0.5 mg/ml of medium. After 4 h, the
medium was removed and 200 �l of DMSO (Sigma) was added
to eachwell. After 5min of shaking at room temperature, 150�l
of soluble material was placed into a new 96-well plate, and
absorbance was read at 562 nm with a background subtraction
at 660 nm.
qRT-PCR—Cells were seeded onto 10-cm plates (Corning

Glass, Corning, NY) at 2000 cells/cm2 and grown for 3 days in

vitro. RNAwas isolated using the RNeasy kit (Qiagen, German-
town, MD), and cDNAwas amplified using the RT2 first strand
kit (Qiagen). An RT2-Profiler PCR array for rat extracellular
matrix and adhesion molecules (SABiosciences, Qiagen, Ger-
mantown, MD) was used to determine relative mRNA levels
measured on an Applied Biosystems 7300 real time thermocy-
cler (Carlsbad, CA). Additional qRT-PCRwas performed using
primers for HIF-1� (forward, aagtctagggatgcagcacgat; reverse,
acatgaatgtggcctgtgcagt), VEGF (forward, aaacctcaccaaagccag-
caca; reverse, aatggcgaatccagttccacga), and MMP-9 (forward,
acgtgggcaaattccaaaccttcg; reverse, atccgtggtgcaggacaaatagga).
Software on the SABiosciences website was used to calculate
the mRNA levels.
Cell Migration—Cells were seeded onto coated glass bottom

chamber slides (4-well, Lab-Tek) at a clonal density (100
cells/cm2). Cell-to-cell distance between each cell and every
other cell within the colony was estimated as the distance
between the centers of nuclei revealed by Hoechst 33342 stain-
ing.Measurementswere taken from the 4- to 32-cell stage (4–6
days in vitro) and quantified using Slidebook 5 software.
Zymography and MMP-9 Activity Assay—For both assays,

cells were seeded onto 6-well plates at �150,000 cells/well in 2
ml of Neurobasal media supplemented as described above.
After 1 day, cells were treated with 5 nM MMP-9 inhibitor or
300 ng/ml DKK-1, and aliquots of media were collected after 2
more days for both assays. Zymographywas performed by load-
ing 10 �l of culture supernatant (in nondenaturing sample
buffer) per well onto a Bio-Rad 1% gelatin gel. Following elec-
trophoresis, the gelwas incubated in 2.7%TritonX-100 (Sigma)
inwaterwith shaking for 30min. The gel was briefly rinsedwith
water after which time developing (digestion) buffer (50 mM

Tris base, 40 mMHCl, 200 mMNaCl, 5 mM CaCl2, 0.2% Brij 35)
was added. Digestion of gelatin was allowed to occur for 18–20
h at 37 °C atwhich time the gel was rinsed and stainedwith 0.5%
Coomassie Blue, 30%methanol, 10% acetic acid for 1 h. The gel
was rinsed and de-stained with 5% methanol, 30% acetic acid
for 1 h. White bands on a blue background were then digitally
captured. The MMP-9 enzyme activity assay (Fluorokine E,
R&DSystems,Minneapolis,MN)was performed exactly as rec-
ommended in the instructions for the kit.
Statistical Analysis—Statistics were performedwith a paired,

type II, two-tailed t test (MS Excel, Microsoft, Redmond, WA)
and repeated with one-way ANOVA (SPSS 16, IBM, Somers,
NY) along with a post hoc Fisher’s least significant difference
test (SPSS 16). *, p � 0.05; **, p � 0.01.

RESULTS

Measurement of O2 Levels in the Medium of NSC Cultures—
Lowering theO2 level in cell culture has been shown to increase
the proliferation rate of NSCs, but the final levels of O2 and the
kinetics of equilibration of the gaseous atmosphere and the cul-
turemediumwere not carefully controlled or reported (12–23).
Tanks with premeasured amounts of O2 at 0.1, 1, or 20% were
used to perfuse sealed incubator chambers. Full equilibration of
O2 in the culture medium to the levels in the perfused atmo-
sphere occurredwithin 6–8 h (Fig. 1) similar to the time course
found in cultures of placental trophoblast cells (39). During the
course of the experiments, cells were exposed to atmospheric
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O2 for brief periods for medium changes and microscopic
examination. Additional experiments (data not shown) showed
that the equilibrated O2 levels did not increase significantly
over the first half-hour of exposure to air. Tomaintain constant
O2 levels,mediumwas pre-equilibrated by exposure to gasmix-
tures for 6–8 h, and exposure of cultures to ambient air was
limited to 30 min during experiments thus maintaining a con-
stant level of O2 throughout the experiment.
Transient Elevation of HIF-1� Protein Levels in NSCs in 1%

O2—The stabilization of HIF-1� protein is a consistent indica-
tor of lowered O2 levels (5, 10, 26, 27). HIF-1� protein levels
weremeasured byWestern blotting and normalized to the level
of actin in cultures 2, 6, 24, or 48 h after cells were placed into
either 1 or 20% O2 atmospheres (Fig. 2). HIF-1� protein levels
were indistinguishable after 2 h in 1% versus 20%O2 levels, were
elevated 1.7-fold by 6 h and 2.5-fold by 24 h in 1% O2, and
returned to base-line levels at 48 h. Levels of HIF-1� protein in
NSCs in 20% O2 remained constant over this period. Levels of
HIF-1� mRNA were unchanged over 48 h and VEGF mRNA

was elevated 2-fold at this time (data not shown) as expected
from previous studies in many cell types (40–42).
Proliferation of NSCs Is Increased in 1 or 0.1% O2 Compared

with 20%O2—The proliferation rate of NSCs was measured by
either manual counting (Fig. 3A) or the MTT assay (Fig. 3B)
(43–46). Relative to cells grown in 20%O2, NSCs grown in 1 or
0.1% O2 exhibited a 40% increase in proliferation rate. The
MTT assay is based on the reduction of a substrate to a colored
product; thus, the finding that the results of this assay and cell
counting are similar (which is not always the case (47–50)) indi-
cates that the overall redox capabilities of NSCs at eachO2 level
are not substantially different. Cell viabilitymeasured by trypan
blue exclusionwas also unaffected (95–99% viability) by culture
in the various O2 concentrations (data not shown). These find-
ings are consistent with studies in the literature (12, 14, 16–23)
and with our previous data (15) that NSC proliferation is
increased when O2 levels in the culture atmosphere are low-
ered. Given that our entire cell population is proliferative, as
assessed by BrdU incorporation over 24 h (15), these results
suggest that cell cycle kinetics are altered in lowered O2 envi-
ronments, a finding that will be explored in detail in future
studies.
Cell Migration Is Increased in NSC Clonal Cultures in 1%O2—

NSCs were grown as clonal colonies and monitored from the
single cell to the 32-cell stage to determine whether lower O2
levels influenced cellmigration. Two types of cellmigration and
colony formation were observed as follows one in which cells
migrated to form colonies of a symmetric round area (Fig. 4, A

FIGURE 1. Levels of O2 equilibrate over time after perfusion of sealed
incubator chambers. Gas mixtures containing 20, 1, or 0.1% O2 were
perfused into sealed incubator chambers, and the amount of O2 dissolved
in the medium was determined over a 24-h period. The experiment was
repeated two times with eight samples/run. Error bars represent the
standard deviation.

FIGURE 2. HIF-1� protein is transiently stabilized in NSCs in 1% O2. HIF-1�
protein levels were measured over a 48-h period in NSCs grown in 20% (black
bars) or 1% O2 (white bars); levels are expressed relative to those at 2 h in 20%
O2 and are normalized to actin (representative Western blots are shown
below the graph). The experiment was repeated three times (n � 3). *, p �
0.05, by one-way ANOVA with a post hoc Fisher’s least significant difference
test. Error bars represent the standard deviation. A.U., arbitrary units.

FIGURE 3. Proliferation rate of NSCs in various O2 levels. Top proliferation
was measured by counting the number of cells in a 0.25-mm2 area. Bottom
MTT assay was performed over the same time period, and measurements of
absorbance (Abs) at 562 nm were corrected using a background subtraction
of values at 660 nm. Both experiments were repeated four times with 4 – 6
samples/run (n � 18). *, p � 0.05; **, p � 0.01 by one-way ANOVA with a post
hoc Fisher’s least significant difference test. Error bars represent the standard
deviation.
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and B; shown stained with Hoechst dye to reveal nuclei, repre-
senting �70% of colonies) or those in which cells migrated out
into an asymmetric shape (Fig. 4,C andD; shown in bright field
imaging, representing �30% of colonies). The asymmetric col-
onies likely reflect an uneven substrate coating onto the glass
surface. The extent ofmigration over 1–5dayswas estimated by
measuring the cell-to-cell distances within colonies using the
center of aHoechst-stained nucleus as the point of reference for
each cell. The distances between cells weremeasured fromeach
cell to every other cell pairwise in the same colony. Migration
was measured in 4-, 8-, 16-. and 32-cell colonies (32-cell colo-
nies are represented in Fig. 4, A–D). Cell migration increased
over time in both conditions; however, by the 8-, 16-, and
32-cell stages, differences in the extent of migration were
apparent between NSCs grown in the twoO2 levels. Cells in 1%
O2 migrated 40–50% more by the 16- and 32-cell stages than
those in 20% O2 (Fig. 4E).
Levels of mRNA for Cell Adhesion and Extracellular Matrix

Molecules Are Altered in NSCs in 1% O2—In addition to the
increased cell migration in 1% O2, we observed a decrease in
NSC adhesion in 1%O2 to the poly-L-lysine and laminin-coated
plates, suggesting changes in cell and matrix adhesion. The
mRNA levels for selected cell adhesion and extracellularmatrix
proteins were therefore measured using a rat extracellular
matrix and adhesion molecules qRT-PCR array (see under
“Experimental Procedures”). Using a 1.75-fold change as a cut-
off, we found six mRNAs (of 84 genes on the array) that were

increased in 1% as compared with 20%O2 and fivemRNAs that
were decreased in 1% as compared with 20% O2 (Table 1). The
genes that were up-regulated in NSCs in 1% O2 included the
extracellularmatrix proteins thrombospondin (TSP)-2 and col-
lagenVI�1, the extracellularmatrix-modifying enzymesmatrix
metalloproteinases (MMPs)MMP-3, -9, and -12, as well as lac-
tate dehydrogenase. The up-regulation of lactate dehydrogen-
ase A (a housekeeping gene in the array) is a likely indicator of
increased glycolysis known to occur in the lower O2 environ-
ment (51, 52). Down-regulated genes included the extracellular
matrix protein TSP-1, two cadherins (E or 1 and R or 4),
�2-catenin, an intracellular protein involved in cadherin signal-
ing, and TIMP-2, a tissue inhibitor of MMPs.
All of thesemRNA changes are intriguing candidates for fur-

ther analysis; however, the largest increase was in MMP-9
expression, which showed a 5-fold increase in its mRNA (Table
1 and Fig. 7A) and an �2.5-fold increase in protein levels mea-
sured by zymography (Fig. 7B) or by using a quantitative
MMP-9 assay kit (Fig. 7D).MMP-9 influences proliferation and
migration in a number of cell types (53–56), and a specific small
molecule inhibitor is available (57) (the specificity of which is
20-fold greater for MMP-9 than for MMP-13 and 200-fold
greater than for MMP-1). We therefore focused on the role of
MMP-9 in proliferation and migration of NSCs.
Increase in Proliferation and Migration of NSCs in 1% O2 Is

Dependent upon MMP-9 Activity—NSCs were seeded and
grown for 1 day at which timeMMP-9 Inhibitor I was added at

FIGURE 4. Cell migration in NSC clonal colonies in 20 or 1% O2. Clonal NSC colonies were examined from the 4- to 32-cell stage. Cell-to-cell distance between
each pairwise combination of cells was measured as described under “Experimental Procedures.” Representative 32-cell stage colonies are shown (A and B,
Hoechst-stained; C and D, bright field). Ten to 16 colonies per condition were evaluated (E). *, p � 0.05; **, p � 0.01 by one-way ANOVA with a post hoc Fisher’s
least significant difference test. Error bars represent the standard deviation.

TABLE 1
qRT-PCR analysis of extracellular matrix and adhesion molecules
ThemRNA levels for extracellular matrix and adhesionmolecules in NSCs in either 20 or 1%O2 weremeasured using an SABiosciences qRT-PCR assay as described under
“Experimental Procedures.” Significant changes thatwere over 1.75-fold are included (n� 3). Significancewas determined by one-wayANOVAwith a post hoc Fisher’s least
significant difference test.

Symbol cDNA target 20% O2 cycle no. 1% O2 cycle no. 1 vs. 20% p value

MMP-9 Matrix metallopeptidase 9 27.00 24.59 5.03 0.009
MMP-12 Matrix metallopeptidase 12 34.66 33.25 2.51 0.003
MMP-3 Matrix metallopeptidase 3 30.29 28.87 2.54 0.045
Thbs2 Thrombospondin 2 24.99 23.99 1.89 0.012
Ldha Lactate dehydrogenase A 19.93 18.99 1.81 0.001
Col6a1 Collagen, type VI, a1 22.61 21.70 1.77 0.006
Timp2 TIMPMMP inhibitor 2 20.42 21.22 �1.84 0.049
Ctnna2 Catenin a2 24.59 25.71 �2.29 0.019
Cdh4 Cadherin 4 24.92 26.06 �2.33 0.032
Thbs1 Thrombospondin 1 19.25 20.65 �2.79 0.024
Cdh1 Cadherin 1 31.95 33.74 �3.66 0.048
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5 nM, and the IC50 value reported for inhibition of active
MMP-9 was measured in vitro in a spectrophotometric assay
(57). To confirm the efficacy of the drug in the NSC cultures,
the activity of MMP-9 in the NSC culture supernatant was
measured in the presence or absence of the inhibitor. MMP-9
activitywas inhibited by�94% inNSCs grown in 20%O2 and by
96% in NSCs grown in 1% O2 (for details, see Fig. 5 legend).

Although MMP-9 Inhibitor I had no effect on the prolifera-
tion of NSCs in 20% O2, it completely reversed the increased
rate of proliferation seen inNSCs grown in 1%O2 (Fig. 5A). The
doubling times of NSCs under these conditions (Table 2) were
calculated from the data in Fig. 5A using the values from day 2
to 3 after inhibitor treatment. This interval was chosen to avoid
the transition period in cell proliferation immediately following
treatment of the unsynchronized cell population at day 1. How-
ever from day 1 to 2 of treatment, although the slopes appear to
be slightly different during this transition period, the calculated
values are not statistically different.

The doubling time of NSCs in 20% O2 was constant with or
without MMP-9 Inhibitor I. This finding indicates that in high
O2 MMP-9 activity does not strongly influence NSC prolifera-
tion. The doubling time of NSCs in 1% O2 was �22% shorter
than that in 20% O2 and was restored to 20% O2 levels when
MMP-9 activity was inhibited. The increase inMMP-9 (see Fig.
7 for quantification) induced by 1%O2 thus appears to alter cell
cycle kinetics, a point that deserves a more critical analysis in
future studies.
In cellmigration assays, the presence ofMMP-9 Inhibitor I at

5 nM prevented the increased migration of NSCs in 1% O2 (Fig.
5B). To our knowledge, these results are the first evidence
directly linkingMMP-9 activity to increased NSC proliferation
and migration in low O2 levels.
Inhibition ofWnt/�-Catenin Signaling Prevents the Increased

Proliferation and Migration in 1% O2—MMP-9 has been
shown in human T-lymphocytes to be a transcriptional target
of the Wnt signaling pathway (38). A recent study showed that
O2 regulates stem cells through canonical Wnt/�-catenin sig-
naling downstream of HIF-1� stabilization (24). We therefore
determined whether perturbation of Wnt signaling influenced
the proliferation, migration, and expression of MMP-9 in
NSCs.
DKK-1, a specific inhibitor of the canonical Wnt/�-catenin

signaling pathway (58), was used to determine whether this
pathway plays a role in the increased proliferation and migra-
tion of NSCs in 1% O2. Treatment with DKK-1 (300 ng/ml)
reversed the increase in proliferation in 1% O2 to the level of
that in 20% O2 (Fig. 6A). DKK-1 had no effect on the prolifera-
tion of NSCs in 20%O2. The doubling time in 1%O2 was�28%
shorter than in 20%O2 or in the presence of DKK-1 at eitherO2
concentration (Table 2).
In the presence of DKK-1, the increase in migration of NSCs

in 1% O2 was also reversed (Fig. 6B). Both of these findings,
when taken together with observations in the literature (24),
suggest that Wnt signaling controls MMP-9 expression in
NSCs.
Inhibition of MMP-9 orWnt Signaling Prevents the Increased

Expression of MMP-9 in NSCs in 1% O2—MMP-9 mRNA and
protein levels were measured in control NSCs and NSCs
treated with MMP-9 Inhibitor I or DKK-1. The 5-fold increase

FIGURE 5. Effect of MMP-9 inhibition on NSC proliferation and migration.
A, increased proliferation rate of NSCs in 1% O2 is prevented in the presence of
MMP-9 Inhibitor I. The MMP-9 inhibitor was used at 5 nM, the half-maximal
concentration for MMP-9 proteolytic inhibition in vitro (57) and a concentra-
tion that abolished MMP-9 activity in the NSC culture medium measured
using a quantitative fluorescent-substrate assay (see Fig. 7 for details)
(expressed as active MMP-9 (ng)/105 cells: 20% control, 1.27 � 0.17; 20%/
MMP-9 Inh., **, 0.07 � 0.06; 1% control, 2.28 � 0.23; 1%/MMP-9 Inh., **, 0.08 �
0.07). B, clonal NSC colonies were grown to the 32-cell stage in 20 or 1% O2 �
MMP-9 Inhibitor I (5 nM). Cell-to-cell distance was measured as described
under “Experimental Procedures.” The experiments in A were repeated two
times with 4 – 6 samples/run (n � 10), and the experiment in B was performed
with 10 –16 colonies per treatment (n � 10 –16). *, p � 0.05; **, p � 0.01 by
one-way ANOVA with a post hoc Fisher’s least significant difference test. Error
bars represent the standard deviation.

TABLE 2
Doubling time of proliferating NSCs
The doubling time of NSCs in 1% O2 was decreased compared with cells in 20% O2
or cells in either O2 condition treated with MMP-9 inhibitor I or DKK-1. Results
were obtained from days 2 to 3 to avoid the transition period immediately following
treatment with either inhibitor (for Fig. 5 data, n � 10, and Fig. 6 data, n � 8).
Significance was determined by one-way ANOVA with a post hoc Fisher’s least
significant difference test.

Days

Fig. 5
20% O2 1.14 � 0.08
20% O2 5 nM MMP-9 inhibitor 1.16 � 0.07
1% O2 0.90 � 0.11a
1% O2 5 nM MMP-9 inhibitor 1.17 � 0.13

Fig 6
20% O2 1.21 � 0.15
20% O2 300 ng/ml DKK-1 1.29 � 0.14
1% O2 0.91 � 0.12a
1% O2 300 ng/ml DKK-1 1.27 � 0.14

a p � 0.05 by one-way univariate ANOVA.
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in MMP-9 mRNA levels (normalized to 18 S rRNA levels) in
NSCs grown in 1% O2 (Table 1) was confirmed by qRT-PCR
analysis (Fig. 7A). MMP-9 Inhibitor I and DKK-1 had no effect
on MMP-9 mRNA expression levels in 20% O2 (Fig. 7A). The
increase in MMP-9 mRNA levels induced in 1% O2 was pre-
vented by treatment with either MMP-9 Inhibitor I or DKK-1
(Fig. 7A). The effect of MMP-9 Inhibitor I on MMP-9 mRNA
levels suggests that MMP-9 expression and/or activity influ-
ences the expression of MMP-9 mRNA in 1% O2. Similar pat-
terns of change in the expression of MMP-9 protein were
observed by zymography (Fig. 7B) or by measuring total
MMP-9 protein levels using a fluorescent substrate assay (Fig.
7D). Results using this same assay to measure enzymatically
active MMP-9 showed that in each case active MMP-9 was
approximately half of the total (Fig. 7C). It should be noted here
that for the MMP-9 Inhibitor I-treated cells, MMP-9 activity
was measured after the removal of the inhibitor thus revealing
that neither the totalMMP-9 protein nor its active fraction was
irreversibly affected by the presence of the inhibitor.
Taken together, these results suggest thatMMP-9 is induced

in 1% O2 by stimulation of Wnt signaling, and the increased
levels of MMP-9 are the direct effector of increased NSC pro-
liferation and migration.

DISCUSSION

In this study, we identified MMP-9 as a key molecular effec-
tor of increasedNSCproliferation andmigration in loweredO2.
We also demonstrated that the O2-dependent induction of
MMP-9 occurs via canonicalWnt/�-catenin signaling. In addi-
tion, the expression of several other genes involved in cell-cell
and cell-extracellular matrix adhesion and matrix remodeling
was stably altered in the presence of loweredO2. The level ofO2
in culture is therefore a critical variable that should be con-
trolled to increase the ability of cell culture to reflect the in vivo
environment. The use of physiological O2 environments for
stem cell culture that more closely mimics the in vivo environ-
ment may increase the likelihood of successful use of stem cells
in diagnostic and therapeutic applications.
Although our previous studies and those of others had shown

that proliferation of various types of NSCs in culture is
enhanced when O2 levels are lower than the O2 levels of ambi-
ent air typically used in cell culture (12, 14–23), and recent
studies identifiedWnt signaling to be activated in lowO2 levels,
this study provides the first link to the activity of a molecular
target,MMP-9, that is functionally responsible for the observed
increases in cell proliferation. Moreover, the controlled O2 lev-
els in these experiments are comparable with those of the neu-
rogenic stem cell niche in the developing and adult brain (5, 7,
10–12). Therefore, these physiological O2 levels are not
hypoxic for NSCs. The stable alterations in gene expression
observed in NSCs chronically exposed to 1% O2 are thus likely
better to reflect the state of NSCs in vivo.
An increase in the levels of HIF-1� protein is a hallmark of

the response of cells and organisms to lower levels of O2 (5, 10,
26, 27). A transient increase in HIF-1� levels was observed in
NSCs in 1% O2, but stable changes in the expression of other
genes also occurred under this condition. The mRNAs up-reg-
ulated in NSCs in 1% O2 encode proteins that are involved in
matrix remodeling and cell migration, including MMP-3, -9,
and -12, as well as TSP-2 and collagen VI�1. The down-regula-
tion of Timp2 mRNA, an endogenous inhibitor of MMPs,
might also contribute to alterations in matrix remodeling.
The mRNAs found to be down-regulated include those that

encode proteins that could otherwise enhance cell adhesion
and signaling. For instance, altered expression of cadherins can
alter cell-cell interactions and thereby release �-catenin, mak-
ing it available to participate in Wnt signaling complexes (59).
TSP-1 and -2 are postulated to play roles in migration and neu-
rogenesis (60–62), and TSP-2 (but not TSP-1) enhances Notch
signaling, a key pathway in neural fate determination (62). In
addition, the increase in lactate dehydrogenase suggests a shift
towardmore glycolyticmetabolism inNSCs in 1%O2, as seen in
a number of cell types in response to lowO2 (63, 64). Changes in
these mRNAs indicate that a major influence of O2 is to alter
cell-cell and cell-matrix adhesion. Any or all of these cell adhe-
sion modifications are likely to influence the proliferation and
migration of NSCs.
The greatest change in mRNA levels was a 5-fold increase of

MMP-9 expression in 1%O2;MMP-9 protein was also elevated
�2.5-fold. The increased rates of NSC proliferation andmigra-
tion in 1% O2 were reversed in the presence of a specific inhib-

FIGURE 6. Inhibition of Wnt signaling prevents the increase in NSC prolif-
eration and migration in 1% O2. A, increased proliferation rate of NSCs in 1%
O2 (measured by cell counting) is prevented in the presence of the Wnt path-
way inhibitor DKK-1 (300 ng/ml). B, clonal NSC colonies were grown to the
32-cell stage in 20 or 1% O2 � DKK-1 (300 ng/ml). Cell-to-cell distance was
measured as described under “Experimental Procedures.” The experiments in
A were performed once with eight samples/run (n � 8), and the experiment in
B was performed with 10 –16 colonies per treatment (n � 10 –16). *, p � 0.05;
**, p � 0.01 by one-way ANOVA with a post hoc Fisher’s least significant
difference test. Error bars represent the standard deviation.
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itor of MMP-9. It is notable that inhibition of MMP-9 did not
affect proliferation or migration in NSCs in 20% O2. This find-
ing suggests that it is a threshold ofMMP-9 expression/activity
that is critical for altered cell migration and proliferation.
Although to our knowledge this is the first time that MMP-9
activity has been linked to NSC proliferation, MMP-9 has been
shown to influence NSCmigration (65–67) and differentiation
(67) in vitro and to play a role in the response of NSCs in vivo
after injury (67) or stroke/hypoxia (65, 66, 68). Moreover,
MMP-9 is found in a number of areas of the brain, including
neurogenic niches (69), and thus is likely to influence stem cell
proliferation and migration in vivo. It will clearly be of interest
to examine NSC proliferation and neurogenesis inMMP-9 null
mice.
The regulation and function of MMP-9 itself are controlled

at multiple levels, including expression, secretion, activation,
and localization (70). With regard to expression levels, we
found that inhibition of MMP-9 activity and inhibition of the
canonical Wnt signaling pathway in NSCs decreased the levels
of MMP-9 mRNA and protein induced in 1% O2, but they do
not affect the endogenous levels in 20%O2. Thus, the regulation
of MMP-9 expression by lowered O2 may occur through a dif-
ferent pathway than the one that controls endogenous expres-
sion in 20% O2. The mechanisms by whichMMP-9 controls its
own synthesis and the involvement of the Wnt pathway in
MMP-9 regulation are of great interest given the wide ranging
role ofMMPs in the behavior of normal and cancer cells (70, 71)
and in the development of the nervous system (68, 72, 73).
The mechanisms by which MMP-9 influences cell prolifera-

tion, migration, and cell cycle kinetics have not been deter-

mined. Two possibilities, not mutually exclusive and likely
related, are suggested by our findings and studies in other cell
types. The first mechanism involves alterations in cell adhesion
andWnt signaling. Changes in the mRNAs that we observed in
the cell adhesion array (Table 1) should be studied at the pro-
tein level. For example, as noted above, altered levels of cad-
herins can affect cell-cell adhesion and also influence Wnt sig-
naling by modulating the availability of �-catenin (59). c-Myc
and cyclin D1 are targets of the Wnt pathway in colon carci-
noma cells (74).
Another potential mechanism by which MMP-9 influences

NSC proliferation focuses attention on the targets of MMP-9
proteolytic activity (68, 70, 71, 75, 76) among which FGFs and
their receptors are particularly salient (77–79). In addition, a
number of studies suggest close cross-regulation of MMPs and
FGF2, for example, studies of the proliferation andmigration of
smoothmuscle cells (80) andmesoangioblast stem cells (81). In
endothelial cells, increased MMP-9 led to an increase in bioac-
tive FGF2, which resulted in increased angiogenesis (82). In
neuroblastoma cells, FGF2 induced G1/G0 cell cycle arrest by
up-regulation of p21 (Cip1/Waf1), an inhibitor of G1/S phase
cyclin-dependent kinases, and also increased MMP-9 expres-
sion (83). Cyclin D activation occurs in smooth muscle cells
induced to proliferate after injury, but this response is greatly
reduced in MMP-9 knock-out mice (84). Based on these key
correlations in other cell types, future studies inNSCswill focus
on an examination of the state of activation of FGF and its
receptors as well as the determination of how cell cycle param-
eters are altered in NSCs in low O2.

FIGURE 7. MMP-9 expression levels in NSCs with or without inhibition of MMP-9 activity or Wnt signaling. A, increased mRNA expression of MMP-9
(normalized to the levels of 18S rRNA) in 1% O2 is decreased in the presence of MMP-9 Inhibitor I (5 nM) or DKK-1 (300 ng/ml). B–D, influence of inhibitors
compared with untreated control cells on protein levels following 2 days of treatment with either MMP-9 Inhibitor I (5 nM) or DKK-1 (300 ng/ml) follows the
same pattern as mRNA expression whether measured by zymography (B), active enzyme levels secreted into the medium MMP-9 (C), or total secreted MMP-9
(including active MMP-9 and inactive pro-MMP-9) (D). The experiments in A were performed twice with 3– 4 samples/run (n � 4 –7); the experiment in B was
performed once (as shown), and the experiment in C and D was performed once on two sets of samples run in triplicate (n � 6). *, p � 0.05; **, p � 0.01 by
one-way ANOVA with a post hoc Fisher’s least significant difference test. Error bars represent the standard deviation. A.U., arbitrary units.

MMP-9 Increases NSC Proliferation and Migration in Low O2

MAY 20, 2011 • VOLUME 286 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 17655



MMP-9 has been shown to be a direct transcriptional target
of Wnt signaling in human T-lymphocytes (38), and previous
studies have linked Wnt signaling to NSC proliferation and/or
differentiation (24, 35, 36, 85). In addition, Wnt signaling was
recently linked to HIF-1� stabilization in the response of stem
cells to lower O2 levels (24). In this study, blockade of the
canonical Wnt signaling pathway reversed the increase in pro-
liferation and migration in 1% O2. The increase in MMP-9
expression in NSCs in 1% O2 was also prevented by blocking
Wnt signaling. The present findings indicate that MMP-9 is a
target of theWnt pathway in NSCs and is likely to be regulated
at the transcriptional level.
It is notable that several studies have identified genetic vari-

ations in hypoxia-inducible transcription factors in human and
animal populations exposed to low O2 environments (86–90).
Alterations in other genes correlated with survival in low O2
environments have been observed in human or animal popula-
tions at high altitudes (86–88, 91–93), inDrosophila adapted to
living at low O2 levels (94, 95), or in blind mole rats that live in
hypoxic underground burrows (89, 90). It is therefore tenable
that HIF-1� signaling arose to respond to changing levels of O2
in the atmosphere over evolutionary time (27, 96, 97) alongwith
the emergence of multicellularity (96, 97). These studies indi-
cate that the regulation of hypoxia-inducible transcription fac-
tor stabilization by O2 homeostasis is an important adaptive
mechanism that both cells and organisms utilize to survive and
thrive in altered O2 niches.

Acknowledgments—We thank Adam Luber for initial work on adhe-
sion molecules, Anastasia Gromova for help with qRT-PCR, and Drs.
BruceA. Cunningham, Frederick S. Jones, andGeraldM. Edelman for
advice and critical reading of the manuscript.

REFERENCES
1. Tuuli,M.G., Longtine,M. S., andNelson, D.M. (2011)Placenta 32, Suppl.

2, S109–S118
2. Halliwell, B. (2003) FEBS Lett. 540, 3–6
3. Millman, J. R., Tan, J. H., and Colton, C. K. (2009) Curr. Opin. Organ.

Transplant. 14, 694–700
4. Dirken, M. N., and Heemstra, H. (1948) Q. J. Exp. Physiol. 34, 193–211
5. Panchision, D. M. (2009) J. Cell. Physiol. 220, 562–568
6. Horng, C. T., Liu, C. C.,Wu, D.M.,Wu, Y. C., Chen, J. T., Chang, C. J., and

Tsai, M. L. (2008) Aviat. Space Environ. Med. 79, 666–669
7. Ereciñska, M., and Silver, I. A. (2001) Respir. Physiol. 128, 263–276
8. Hoffman, C. E., Clark, R. T., Jr., and Brown, E. B., Jr. (1946) Am. J. Physiol.

145, 685–692
9. Vieira, H. L., Alves, P. M., and Vercelli, A. (2011) Prog. Neurobiol. 93,

444–455
10. Simon, M. C., and Keith, B. (2008) Nat. Rev. Mol. Cell Biol. 9, 285–296
11. Lin, Q., Kim, Y., Alarcon, R. M., and Yun, Z. (2008) Gene Regul. Syst. Biol.

2, 43–51
12. Chen, H. L., Pistollato, F., Hoeppner, D. J., Ni, H. T., McKay, R. D., and

Panchision, D. M. (2007) Stem Cells 25, 2291–2301
13. Tsatmali, M., Walcott, E. C., Makarenkova, H., and Crossin, K. L. (2006)

Mol. Cell. Neurosci. 33, 345–357
14. Studer, L., Csete, M., Lee, S. H., Kabbani, N., Walikonis, J., Wold, B., and

McKay, R. (2000) J. Neurosci. 20, 7377–7383
15. Tsatmali, M., Walcott, E. C., and Crossin, K. L. (2005) Brain Res. 1040,

137–150
16. Horie, N., So, K., Moriya, T., Kitagawa, N., Tsutsumi, K., Nagata, I., and

Shinohara, K. (2008) Cell Mol. Neurobiol. 28, 833–845

17. Milosevic, J., Adler, I., Manaenko, A., Schwarz, S. C., Walkinshaw, G.,
Arend, M., Flippin, L. A., Storch, A., and Schwarz, J. (2009)Neurotox. Res.
15, 367–380

18. Pistollato, F., Chen, H. L., Schwartz, P. H., Basso, G., and Panchision, D.M.
(2007)Mol. Cell. Neurosci. 35, 424–435

19. Zhao, T., Zhang, C. P., Liu, Z. H., Wu, L. Y., Huang, X., Wu, H. T., Xiong,
L., Wang, X., Wang, X. M., Zhu, L. L., and Fan, M. (2008) FEBS J 275,
1824–1834

20. Zhou, L., and Miller, C. A. (2006) Neurodegener. Dis. 3, 50–55
21. Chen, X., Tian, Y., Yao, L., Zhang, J., and Liu, Y. (2010)Neuroscience 165,

705–714
22. Rodrigues, C. A., Diogo, M. M., da Silva, C. L., and Cabral, J. M. (2010)

Biotechnol. Bioeng. 106, 260–270
23. Santilli, G., Lamorte, G., Carlessi, L., Ferrari, D., Rota Nodari, L., Binda, E.,

Delia, D., Vescovi, A. L., and De Filippis, L. (2010) PLoS one 5, e8575
24. Mazumdar, J., O’Brien,W. T., Johnson, R. S., LaManna, J. C., Chavez, J. C.,

Klein, P. S., and Simon, M. C. (2010) Nat. Cell Biol. 12, 1007–1013
25. Clarke, L., and van der Kooy, D. (2009) Stem Cells 27, 1879–1886
26. Mohyeldin, A., Garzón-Muvdi, T., andQuiñones-Hinojosa, A. (2010)Cell
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